Four species representing three genera of halophilic archaebacteria were examined for the presence of genomic sequences that encode proteins of the superoxide dismutase family. Three species, Halobaterium cutirubrum, Halobacterium sp. strain GRB, and Haloferax volcanii, contain duplicated (paralogous) genes of the sod family; a fourth species, Haloarcula marismortui, contains only a single gene. These seven genes were cloned and sequenced, and their transcripts were characterized by Northern (RNA) hybridization, S1 nuclease protection, and primer extension. The expression of one of the two genes in H. cutirubrum, Halobacterium sp. strain GRB, and Haloferax volcanii was shown to be elevated in the presence of paraquat, a generator of superoxide radicals. The other genes, including the single gene from Haloarcula marismortui, exhibited no elevated expression in the presence of paraquat. The 5' and 3' flanking regions of all the genes contain recognizable promoter and terminator elements that are appropriately positioned relative to the 5' and 3' transcript end sites. Between genera, the orthologous paraquat-responsive genes exhibit no sequence similarity in either their 5' or 3' flanking regions, whereas the orthologous nonresponsive genes exhibit limited sequence similarity but only in the 5' flanking region. Within the coding region, the two paralogous genes of Haloferax volcanii are virtually identical (99.5%) despite the absence of similarity in the flanking regions. In contrast, the paralogous genes of H. cutirubrum and Halobacterium sp. strain GRB are only about 87% identical. In the alignment of all seven sequences, there are nine codon positions where both the TCN and AGY serine codons are utilized; some or all of these may well be examples of convergent evolution.
paralogous genes of H. cutirubrum and Halobacterium sp. strain GRB are only about 87% identical. In the alignment of all seven sequences, there are nine codon positions where both the TCN and AGY serine codons are utilized; some or all of these may well be examples of convergent evolution.
Evolution is driven by a plethora of molecular processes. For example, genome expansion occurs by duplication of genes or sequences; random mutational processes introduce variability into these sequences which ultimately lead either to fixation and diversification or to elimination. Two homologous genes are paralogous if they are derived from a duplication event and orthologous if they are derived from a speciation event. Homologous sequences (both orthologous and paralogous) can also participate in recombination and/or gene conversion events which have the effect of maintaining homogeneity and minimizing apparent divergence. From a mechanistic point of view, charting the evolutionary diversification of paralogous and orthologous members of a gene family within a closely related group of organisms should be an informative process to visualize. For this purpose, the superoxide dismutase (SOD) family of genes from four species representing three genera of halophilic archaebacteria have been characterized and compared.
Halophilic archaebacteria are a group of aerobic or microaerobic organisms that evolved from a strictly anaerobic and nonhalophilic methanogen ancestor (39) . The adaptation to high-salt environments was achieved by raising the intracellular salt concentration to near saturation and altering macromolecular structure to function at high salinity (18) . (Halophilic species of eubacteria are unrelated and fundamentally different from halophilic archaebacteria; they utilize active pumping mechanisms to maintain a low intracellular salt concentration and, because of this fundamental genes exhibit 87% sequence identity, whereas the proteins that they encode exhibit only 83% amino acid identity. The distribution of mutations is nearly random between first, second, and third codon positions, and the majority of nucleotide substitutions cause amino acid replacement in the proteins. Transversions outnumber transitions. The 5' and 3' flanking regions of the two genes exhibit no sequence similarity. It is presumed that oxygen toxicity has played an important selective role in the divergence between these two paralogous genes and the orthologous sod genes of related halophilic species.
In this study, genes of the SOD family from three related halophilic genera have been cloned and sequenced. For each gene, the putative transcription start and stop sites have been determined and the regulatory response of each gene to paraquat has been characterized. In the accompanying paper (16) , the nucleic acid and protein sequences of the SOD family are subjected to a detailed phylogenetic analysis.
MATERIALS AND METHODS
Bacterial strains and growth conditions. All halobacterial strains were grown in enriched high-salt media that were adjusted to pH 6.8 to 7.0 and sterilized by autoclaving. H. cutirubrum and Halobactenum sp. strain GRB were grown in medium which contained, per liter, 231 g of NaCl, 24.6 g of MgSO4. 7H20, 2.2 g of KCl, 1.35 g of sodium citrate, 3 g of yeast extract, and 5 g of tryptone (1) . For Haloferax volcandi, the medium contained, per liter, 125 g of NaCl, 45 g of MgCl2 7H20, 10 g of MgSO4. 7H20, 10 g of KCl, 1.34 g of CaCl2 2H20, 3 g of yeast extract, and 5 g of tryptone (5) . For Haloarcula marismortui, the medium contained, per liter, 206 g of NaCl, 36 g of MgSO4-7H20, 0.37 g of KCl, 0.5 g of CaCl2. 2H20, 0.013 mg of MnCl2, and 5 g of yeast extract (28) . All cultures were grown at 37 to 40°C in rotary incubators.
Paraquat was added to early-log-phase cultures (A600 = 0.2) to a final concentration of between 1 and 2.5 mM. Incubation was continued for a further 24 h before cells were harvested for RNA preparation. In the presence of paraquat, the growth rate is substantially reduced, and during the 24-h incubation, the cultures did not reach stationary phase.
Eschenichia coli DH5a and JM101 were used for plasmid propagation and generation of single-stranded phagemids, respectively. The helper phage, R408, was used in conjunction with pGEM (Promega) and pEMBL (8) phagemids. E. coli KW251 was used as host for propagating the Haloarcula marismortui genomic library constructed in XGEM-11 (Promega). All strains were grown in YT medium; when required, the antibiotics ampicillin and kanamycin were added to final concentrations of 100 and 50 ,ug/ml, respectively. For plate assays of P-galactosidase, IPTG (isopropylthiogalactoside) and X-Gal (5-bromo-4-chloro-3-indolyl-P-Dgalactosidase) were added to 50 pM and 0.005% (wt/vol), respectively. To induce the receptor for phage X, strain KW251 was grown in medium supplemented with 0.2% maltose and 10 mM MgSO4.
Isolation of DNA and RNA. Total DNA was isolated from stationary-phase cultures of halobacteria as described by Schnabel et al. (34) . Following equilibrium centrifugation in ethidium bromide-CsCl density gradients, the DNAs were extracted with isopropanol, dialyzed against TE buffer (10 mM Tris, 1 mM EDTA [pH 8 .0]), and stored at -200C.
Plasmid DNA was isolated by the alkaline lysis method (19) . Total cellular RNA was isolated by the boiling sodium dodecyl sulfate (SDS) lysis method described by Chant and Dennis (3) . Following ethanol precipitation, RNA was resuspended in TE buffer and stored at -20°C.
Preparation of radioactive probes. Restriction fragments were dephosphorylated with calf intestinal alkaline phosphatase as described by Maniatis et al. (19) DNA sequencing. For sequencing, short fragments were subcloned into phagemids and sequenced directly. For larger fragments, phagemid clones containing overlapping unidirectional deletions were generated by using exonuclease III (14) . Single-stranded templates were generated by using helper phage R408 and were purified as described elsewhere (32) . Double-stranded DNA templates were prepared according to Zhang et al. (40) . The sequencing reactions were carried out by using either the Klenow fragment of DNA polymerase I or T7 DNA polymerase.
RNA transcript mapping. Nuclease S1 protection was used to identify 5' or 3' mRNA transcript end sites (7). Briefly, either 5'-or 3'-end-labeled restriction fragment probes (105 to 106 dpm) were hybridized to 5 to 10 ,ug of total RNA, and the hybrids were digested with S1 nuclease. The DNA fragments protected from digestion by RNA were separated on 8% polyacrylamide-8 M urea sequencing gels and detected by autoradiography. Appropriate molecular length size standards were used to determine the sizes of protected fragments.
The 5' ends of mRNA transcripts were precisely located by extension analysis, using specific 5'-end-labeled oligonucleotide primers (27) . Molecular length markers were generated by using the same 5'-end-labeled oligonucleotides as primers in a DNA sequencing reaction using appropriate template DNA. Enzyme activity assay. SOD activity was assayed as previously described (20, 22 (Fig. 1A) . The [33] .) Genomic DNA from Haloferax volcandi and the DNAs from these two cosmids were digested with Sau3AI and reprobed with the 1.1-kbp sod fragment from H. cutirubrum (Fig. 1B) . The probe exhibited equally intense hybridization to fragments of 4.7 and 2.7 kbp in length. The larger fragment contained within cosmid 461 mapped to pHV4, a 690-kbp megaplasmid of Haloferax volcanii. The smaller fragment, contained within cosmid 564, mapped to the main 2.4-Mbp chromosome. The 4.7-and 2.7-kbp Sau3AI fragments were cloned into the BamHI site of plasmid pUC8 and pEMBL18(+), respectively, to give pPD 1038 and pPD 1039. Genomic DNA from Haloarcula marismortui was digested with a number of different restriction enzymes. The fragments were separated and probed by Southern hybridization with the sod-containing 1.1-kbp Sau3AI fragment from H. cutirubrum (Fig. 1C) . In all digests, the probe hybridized to only a single restriction fragment; this finding implies that Haloarcula marismortui, unlike the other halophilic species examined, contains only a single gene belonging to the sod family. A partial Sau3AI genomic library of Haloarcula marismortui was constructed in XGEM-11. Three thousand plaques from the library, representing approximately 10 genome equivalents of DNA, were screened by hybridization to the 1.1-kbp Sau3AI fragment from H. cutirubrum. Six positive plaques were identified. The insert DNAs in the six clones were shown to be overlapping, and all contain an identical 1.9-kbp Sau3AI fragment that hybridized to the H. cutirubrum probe. When the filter containing the genomic digests ( Fig. 1C ) was stripped and reprobed with the 1.9-kbp Haloarcula manrsmortui Sau3AI fragment at low as well as high stringency, an identical pattern of hybridization was observed. This finding confirms the existence of only a single gene of the sod family in the genome of Haloarcula marismortui. The 1.9-kbp Sau3A fragment was cloned into the BamHI site of the vector pGEM7zf(+) to give plasmid pPD 1040.
Sequence determination and alignment. The nucleotide sequences of the sod family of paralogous gene pairs from Halobacterium sp. strain GRB and Haloferax volcanii and the single gene from Haloarcula marismortui were determined. The sequences of the coding regions of these genes along with the H. cutirubrum sod and sig sequences are aligned in Fig. 2 . Only positions that differ from the wellcharacterized H. cutirubrum sod sequence are indicated; capitals indicate nonsynonymous codon changes resulting in amino acid replacement, and lowercase letters indicates synonymous codon changes. Five of the genes are 600 nucleotides in length and encode 200-amino-acid-long proteins. The sod2 gene of Haloferax volcanii contains a 3-nucleotide-long deletion which removes codon 3, and the Haloarcula marismortui sod gene contains a 9-nucleotide insertion after codon 4. A cursory examination of the aligned gene sequences and the proteins that they encode indicates that an unexpectedly large proportion of the nucleotide substitutions are nonsynonymous and result in amino acid replacements in the respective proteins. Furthermore, the substitutions are often clustered; this is particularly evident between nucleotide positions 568 and 603. These features are examined in more detail in the accompanying paper (16) .
As expected, the orthologous sod gene pair and sig gene pair from H. cutirubrum and Halobacterium sp. strain GRB are nearly identical; the pairs differed by three (positions 147, 150, and 308) and five (positions 80, 146, 147, 155, and 408) nucleotide substitutions, respectively. This finding implies that H. cutirubrum and Halobacterium sp. strain GRB are indeed closely related and that most of the unusual divergence between the sod and sig genes of H. cutirubrum predated the species separation of H. cutirubrum from Halobacterium sp. strain GRB. The paralogous sod1 and sod2 genes of Haloferax volcandi are also nearly identical in sequence. They differ only by the deletion of codon 3 from the sod2 gene and by a three-nucleotide substitution in codon 2 that converts one serine codon (TCA, sod1) to the unrelated serine codon (AGC, sod2).
The . a the termination codon, TAA or TGA, and numbered as a continuation of the coding sequence in a positive direction. It has been previously noticed that the sequences flanking the paralogous sod and sig genes of H. cutirubrum are unrelated (21) . This is also true of the paralogous sod and sig genes of Halobactenum sp. strain GRB as well as the virtually identical sod, and sod2 genes of Haloferax volcanii.
In contrast, the flanking regions of the orthologous sod gene pair and the sig gene pair of H. cutirubrum and Halobacterium sp. strain GRB are virtually identical (Fig. 3) . This finding supports the presumption that the initial duplication to produce the progenitor sod and sig genes in the common ancestor was an ancient event and that the species separation of H. cutirubrum and Halobacterium sp. strain GRB was much more recent.
In the total of 527 nucleotides of Transcript characterization and regulation by paraquat. The transcripts derived from the sod and sIg genes of H. cutirubrum have been characterized by primer extension and S1 nuclease protection analysis and 7-methyl G capping (21) . The sod transcript is initiated 2 nucleotides in front of the ATG translation initiation codon, whereas the sIg gene transcript is initiated 13 nucleotides in front of the initiation codon (Fig. 3, positions -2 and -13, respectively) . The transcripts terminate in the poly(T) sequences that are centered 38 and 21 nucleotides beyond the respective termination codons of the sod and sIg genes at positions 650 and 633, respectively (Fig. 3) . Not surprisingly, the 5' and 3' end sites of the Halobacterium sp. strain GRB sod and sig gene transcripts were located at the same positions, and expression of the sod gene, but not the sig gene, was enhanced by the addition of paraquat to the culture (Fig. 4A) .
The locations of the 5' and 3' end sites of the transcripts derived from the sod1 and sod2 genes of Haloferax volcanji were more difficult to determine because of the perfect identity of the two sequences beyond position 9 (Fig. 4Biii) The 3' end sites of transcripts from the sod family of genes from Halobacterium sp. strain GRB, Haloferax volcani, and Haloarcula marismortui were located by S1 nuclease protection of 3'-end-labeled restriction fragment probes originating within the coding sequences and terminating in the 3' flanking regions. In all cases, 3' transcript end sites were located to near or within T-tract sequences ranging in length from 5 to 7 nucleotides. For most of the genes, these sequences are within 40 nucleotides of the translation termination codon; for the sod, gene of Haloferax volcani, the T tract is located at position 749, about 140 nucleotides from the translation termination codon (Fig. 3) . Examination of the coding regions indicates that there are no tracts of three or more T residues in the plus-strand sequence. This absence may be a reflection of the role that T tracts plays in the process of transcription termination.
The results of the S1 nuclease protection and primer extension analyses indicate that all seven members of the . Nuclease S1 and primer extension mapping of the 5' and 3' transcripts from the sod family of genes. Lanes: F, end-labeled S1 nuclease protection probe; 1, S1 or primer extension protection products generated by using exponential RNA; 2, S1 or primer extension products generated by using RNA from paraquat-treated cells; M, molecular length markers; G, A, T, and C, the products of the four DNA (ii) For 3' end mapping, partially identical 514-bp EcoRI and 1.2-kbp EcoRI-BamHI fragments from the sod, and sod2 genes were 3' end labeled in the minus strand at positions 346 to 347 and used as probes in S1 nuclease protection assays. (iii) For primer extension, the sod,-and sod2-specific primers were used to generate reverse transcription products and to generate the corresponding DNA sequence ladders. The sequence of the sod, and sod2 genes overlapping the ATG translation initiation codons is presented under the autoradiogram, and the regions of primer complementarity and positions of extension product termination are illustrated. (C) Total RNA was prepared from exponential and paraquat-treated Haloarcula marismortui cultures. (i) For 5' end mapping, plasmid pPD 1040 was digested with BamHI, 5' end labeled in the minus strand at position 138, and used as probe for S1 nuclease protection assays. (ii) For 3' end mapping, a BssHI-BamHI fragment from plasmid pPD 1040 was 3' end labeled in the minus strand at position 450 and used as the probe in S1 nuclease protection assays. This fragment contains the 3'-terminal portion of the insert and the entire vector of plasmid pPD 1040. Because of their sizes, the 5'-and 3'-end-labeled probes do not appear in the autoradiogram. ( transcript (21, 37) . Less than 5% of the sig gene transcripts are present in this larger species. A sequence related to the 3' end of the photolyase gene was also detected in front of the sig gene of Halobacterium sp. strain, GRB but it has not been examined in detail. A related sequence has not been found in the region upstream of any of the sod genes of Haloferax volcanti and Haloarcula marismortui.
Transcription and translation signals. Most archaebacterial promoters contain a moderately conserved hexanucleotide box A sequence (consensus '1'l7JAWA) centered about 25 nucleotides in front of the transcription initiation site (30) . In addition, some promoters, including the rRNA promoters of halophilic archaebacteria, contain a box B sequence (consensus AYGCGAA) that overlaps the start site (7) . The promoters of the halophilic sod genes seem to retain the box A-like sequence but apparently lack the box B-like sequence (Fig. 3 ).
The precise mechanism for identifying the AUG translation initiation codon in the mRNA of halophilic archaebacteria has not yet been analyzed in detail. The transcripts from the sod family of genes are all predominantly or exclusively monocistronic, and all contain relatively short 5' untranslated leader sequences of 2 to 19 nucleotides (Table  1) . In all seven transcripts, the first AUG is utilized for translation initiation. This is a feature that is characteristic of most eucaryotic mRNAs (17) .
Translation initiation in eubacteria is facilitated by the presence of a purine-rich sequence centered about 10 nucleotides in front of the translation initiation codon. This sequence forms a complementary structure with the highly conserved pyrimidine-rich sequence at the 3' end of 16S rRNA (35 (13, 22) . Primer extension, S1 nuclease protection and Northern hybridization experiments demonstrate that the amount of sod mRNA increases concomitantly with the increase in enzyme activity (23 Notably, two of the blocks of conservation within this region are the box A promoter element (-44 to -39) and the potential ribosome binding sequence (-14 to -10). The significance of other conserved nucleotides is not known. The downstream coding region for these sequences (beginning at position +1) exhibits about 77% nucleotide sequence identity in the same pairwise comparisons, whereas the 3' flanking regions beyond the translation termination codons exhibit no significant homology outside of the T-tract termination sequence. Similarly, the sequences upstream of position -55 exhibits no significant similarity. The translation termination codon of the upstream photolyase gene in H. cutirubrum and Halobacterium sp. strain GRB occurs at position -67; the equivalent gene is not present at the corresponding position in the Haloferax volcandi and Haloarcula marismortui sequences. These comparisons suggest that the promoter regions (defined by the 55 nucleotides of 5' flanking sequence) of the sig gene of H. cutirubrum and Halobacterium sp. strain GRB, the sod2 gene of Haloferax volcanii, and the sod gene of Haloarcula marismortui are related and that sequence divergence within this region is only about twofold more rapid than within the coding regions of the corresponding genes. Unfortunately, these comparisons shed little light on the differences between paraquatinducible and noninducible genes and the mechanisms of induction.
The 5' flanking region of the noninducible sod gene of Haloarcula marismortui was used to search the GenBank data base; the highest similarity detected was to the 5' flanking region of the E. coli sod4 gene (38) . This is surprising for a noncoding region, given (i) the evolutionary distance between eubacteria and halophilic archaebacteria and (ii) the fact that the E. coli sodA gene is inducible by paraquat. The 5' flanking regions of other eubacterial sod genes fail to exhibit this degree of sequence similarity. The significance of this limited sequence similarity is uncertain.
In only one case, Haloferax volcandi, has the genomic context of the paralogous gene pairs been examined. The uninducible sod2 gene is linked to the rnmA operon on the 2.4-Mbp chromosome, whereas the inducible sod1 gene was mapped to the 690-kbp megaplasmid. As yet, no other genes have been mapped to this megaplasmid (4) . Perfect identity is exhibited between the sod, and sod2 genes beginning at codon 4 and extending to the translation termination codon at the end of the genes. This finding would seem to imply that the sequences of the two genes are being maintained by recombination or gene conversion mechanisms.
